schooling. This suggests that the loss of schooling in cave-dwellers evolved by multiple genetic changes, only some of which are vision-dependent.
The paper by Greenwood et al. [1] offers a different evolutionary scenario for the loss of schooling in threespine sticklebacks. Like A. mexicanus, there are populations of sticklebacks that differ in schooling behavior, and the populations are inter-fertile. Unlike A. mexicanus, though, in the stickleback case the populations differ in how tightly they school -sticklebacks from the ocean school tightly together, while sticklebacks in lakes still form schools, but they are looser. Moreover, while the lateral line has a small effect on schooling in A. mexicanus, Greenwood et al. [1] found a genetic link between schooling and the lateral line in sticklebacks.
Together, these studies show that schooling behavior in both species was lost through modifications to sensory systems, but that convergent loss of schooling occurred via different sensory mechanisms (vision versus lateral line [11] ). It will be fascinating to learn whether this generalization also applies within species. That is, was schooling lost via the same genetic changes in different populations of cavefish, for example? And did the genetic changes originate once (selection on standing genetic variation) or multiple times? This question is tractable in both the cavefish and stickleback systems as there are multiple populations of both species that have independently lost schooling behavior. Another outstanding question is whether the loss of schooling behavior is actually an adaptive response to relaxed predation pressure in caves or lakes, or if it reflects neutral evolution and genetic drift. Perhaps genes influencing schooling accumulate mutations, which eventually result in loss of function and disappearance of the trait. Finally, there will be great interest in knowing the identity of the mutations that can turn a socialite fish into a loner. During metaphase, budding yeast kinetochores from each bioriented sister chromatid cluster into two foci that are stretched apart by w1-2 microns and positioned between the two spindle pole bodies (SPBs) [11] . When kinetochore components are fluorescently tagged the two metaphase clusters appear as fluorescent spots with each spot containing all 16 kinetochores. The kinetochore is generally subdivided into two major domains: the inner kinetochore is the DNA-proximal domain and the outer kinetochore is the microtubule binding surface. Haase and Mishra et al. [10] visualized cells expressing seven different GFP-tagged kinetochore proteins, including representatives from the inner and outer kinetochore, each in combination with an RFP-tagged SPB component. To analyze the data, the authors plotted the x, y coordinates of the brightest pixel of a GFP fluorescent spot (kinetochore cluster) relative to the axis of the metaphase spindle as defined by the SPBs. The x, y coordinates from w100-1000 different spots for each GFP-tagged kinetochore protein were then converted into a statistical probability heat map to reveal the mean spatial distribution of each kinetochore component in two dimensions relative to the SPB. An excellent proof of concept for the two-dimensional mapping approach came from the fact that the average linear (x-axial) position of each kinetochore protein recapitulated distances previously measured for the same components using a super-resolution technique [12] .
While it was important that data from the x-axis successfully reproduced previous measurements, it was the distribution of points on the y-axis, perpendicular to the spindle axis, from which the most interesting and novel biology began to emerge. The width distribution along the y-axis for the outer kinetochore component Ndc80 was 95 nanometers (nm). A similar y-axis distribution would be expected for Cse4 if a single Cse4-containing nucleosome resided at the inner kinetochore. To the contrary, the y-axis spread for Cse4 was measured to be 181 nm -nearly twice as large as the distribution of Ndc80. Interestingly, a second inner kinetochore component, the constitutive centromere associated network (CCAN) component Ame1, also exhibited a distribution (153 nm) more like Cse4 than Ndc80. Thus, the budding yeast inner kinetochore, containing both Cse4 and Ame1, appeared to be radially displaced relative to Ndc80 (Figure 1) .
Haase, Mishra and colleagues next turned to computational biology to address the discrepancy between the radial distribution of Ndc80 and Cse4. The researchers used model convolution of a previously developed mathematical model of the yeast spindle [13] . The spindle model was populated with fluorophores at various locales to generate simulated images that were subsequently convolved and analyzed in the same fashion as the live cell images to produce a statistical probability heat map. Positioning fluorophores at the kinetochoremicrotubule (kt-MT) plus ends in silico produced a probability map that was nearly identical in both dimensions to the measurements of Ndc80-GFP in vivo. The authors state that the experimental distribution of Cse4 measured in vivo can be reproduced in silico by modifying the fluorophore placement such that a single fluorophore is at the plus-end of each kt-MT and 3-4 additional fluorophores (per kinetochore) are radially displaced by up to 250 nm perpendicular to the spindle axis. The modeling suggested that components of the inner and outer kinetochore in budding yeast adopt . A second population of Cse4 molecules is radially displaced by up to w250 nanometers (nm) from the kt-MT attachment site. The properties of the peripheral Cse4 population (red gradient circles and half circle) are unclear but it is proposed to contain an average of 3-4 Cse4 molecules per kt-MT attachment [8, 10] and could include any combination of the following: a Cse4-containing nucleosome (2 Cse4 molecules), non-nucleosomal intermediates (1 or 2 Cse4 molecules) that loosely associate with the DNA [7] , or tetrameric 'hemisomes' (1 Cse4 molecule) [9, 20] . The 3-4 peripheral Cse4 molecules are free to explore (red arrows) a w250 nm area perpendicular to the spindle axis while the core Cse4 is spatially restricted (green arrow) near the kt-MT attachment site. (B) A view of the spindle from the spindle pole body (SPB) showing the four centrally located interpolar microtubules, the 16 kinetochores each with a core Cse4 nucleosome (red gradient circle with black lines) and Ndc80-bound (orange circles) kt-MT, radially displaced DNA (black lines) with associated peripheral Cse4 (red gradient circles), and the cohesin (blue ring) barrel [14] . Note that the peripheral Cse4 does not extend beyond the diameter of the cohesin barrel. (C) Color-coded map summarizing the localization of the cohesin barrel (blue circle), Cse4 molecules (red gradient circle), and Ndc80 complexes (orange circle) in relationship to each other. The cohesin barrel (500 nm diameter) may radially confine peripheral Cse4, which extends w250 nm outward from the central kinetochore hub where Ndc80 localizes. distinct configurations. Specifically, the implication is that there is a single spatially restricted population of Ndc80 molecules in the outer kinetochore associated with kt-MT plus-ends and two populations of Cse4 molecules at the inner kinetochore: a core population aligned with Ndc80 and a peripheral population. Futhermore, the peripheral population of Cse4 was proposed to sample a 250 nm area perpendicular to the spindle axis that is radially constrained by the cohesin barrel previously identified by the Bloom group [14] (Figure 1 ). The hypothesis that two Cse4 populations exist at the yeast kinetochore was further bolstered by a genetic screen for mutants that altered the appearance of Cse4 clusters. The characteristics of Cse4 spots were significantly altered, in both the y-axis spread and intensity, following deletion of either protein-associated with topoisomerase 1 (Pat1), which was recently implicated in regulating the structural integrity of the budding yeast centromere [15] , or an associated factor called exoribonuclease 1 (Xrn1). The effect on Cse4 is unlikely due to general housekeeping responsibilities of Pat1 or Xrn1, which localize to cytoplasmic P-bodies and regulate mRNA degradation [16, 17] , as deletion of Pat1 or Xrn1 did not alter Cse4 whole cell fluorescence measurements and Cse4 mRNA levels were unchanged in Pat1 mutants. Thus, determining the molecular basis of Cse4 regulation by Pat1 and Xrn1, and whether it is conserved, certainly warrants further investigation. Nonetheless, the radial distribution of Cse4 was reduced from 181 nm in wild-type cells to 108 nm in pat1D cells -a spread that is comparable in appearance to the 95 nm distribution measured for Ndc80. Furthermore, the fluorescence intensity of Cse4 clusters was reduced by w40% in pat1D and xrn1D mutants, which based on a previous Cse4 counting study from the Salmon and Bloom groups [8] reflects each kinetochore losing, on average, 2-2.5 Cse4 molecules and retaining 3 Cse4 molecules. The authors argue that the reduced spread and intensity of Cse4 signal in pat1D and xrn1D cells is best explained by loss of the peripheral Cse4 and retention of the core Cse4 population. Notably, deleting Pat1 did not change the spatial distribution of Ndc80 molecules and caused only a small (15%) reduction in Ndc80 levels. Taken together the data indicate that the core Cse4 molecules, not the peripheral population, direct assembly of the outer kinetochore (Figure 2) .
If the core Cse4 molecules are all that is required for kinetochore assembly, then why have peripheral Cse4 hanging around the kinetochore? One possibility raised by the authors is that the peripheral Cse4 serves as an accessory or backup pool -lying in wait to replace any core Cse4 molecules that may be lost, an event that would be catastrophic for segregation of a point centromere with a single kt-MT attachment site. That kinetochores possess excess centromeric histone H3 variants would not be unique to the point centromere since w90% of centromeric CENP-A is dispensable for the proper recruitment of numerous kinetochore components in HeLa cells [18] . The results from the pat1D and xrn1D mutants strongly support that there is more Cse4 at the budding yeast centromere than is required to recruit Ndc80. These findings are in close agreement with previous measurements of 5-6 Cse4 molecules per kinetochore [6, 8] but contradict two recent studies arguing that each metaphase kinetochore possesses either a single Cse4 molecule assembled into a tetrameric 'hemisome' [9] or a single octameric nucleosome containing two Cse4 molecules [5] . Considering all of these studies utilized quantitative fluorescence microscopy approaches, it is important, particularly with regards to counting experiments that have used Cse4-GFP as a fluorescence standard, to define the reasons for the observed discrepancies. Furthermore, while the work of Haase and Mishra et al. [10] has revealed two pools of Cse4, their fluorescence measurements cannot address the structural context in which these Cse4 molecules exist and, therefore, do not rule out the possibility of the existence of multiple nucleosomes, hemisomes or other Cse4-containing structures [19] at the metaphase kinetochore (Figure 1 ). Not to put too fine a point on it, but the debate surrounding the pointiness of the budding yeast centromere appears far from over. Animal Evolution: Trilobites on Speed
A new study quantifies rates of morphological and molecular evolution for arthropods during the critical Cambrian explosion. Both morphological and molecular evolution are accelerated -but not so much to break any speed limits.
Graham E. Budd
The sudden appearance of animals in the fossil record has exercised minds as far back as Cuvier in 1812 [1] , and ever since around the time of Steven Stanley's 'cropping' hypothesis [2] , it has become customary to call this event the 'Cambrian explosion'. We now date the first definite animal fossils in the record to around 540 million years ago (mya), and by about 515 mya exceptionally preserved biota such as that from Chengjiang followed by the slightly younger Burgess Shale reveal that a wide range of animal taxa with different life-styles had evolved. The implication of the 'Cambrian explosion' tag is thus that the fossil record is telling us something real about the speed and nature of the evolutionary events that we can dimly perceive behind it. However, there has always been an alternative view, namely that the oldest fossil record of animals should not be read literally, and instead is the product of a long period of cryptic evolution -in other words, that the first animal fossils post-dated the first animals by some considerable time.
The most famous exponent of this view was of course Darwin, and the problematic nature of the event has therefore become known as 'Darwin's Dilemma'. Darwin's view, that there must have been an extensive but hidden Precambrian history of animals, became largely discredited by the work of skeptics such as Preston Cloud who showed that most putative Precambrian animals fossils could easily be refuted [3] . Nevertheless, this view was revived during the 1990s when some molecular clock studies (e.g. [4] ) that use rates of change of molecules such as DNA to assess times of divergences of different lineages suggested that animal lineages in fact had deep roots perhaps hundreds of millions of years older than their appearance in the fossil record. Such views became fashionable partly because of worries that if animal evolution really took place within the Cambrian, it implied very fast rates of evolution that might not be easily reconcilable with Darwinian modes of gradualistic evolution [5] . Now, Lee et al. [6] present in this issue of Current Biology a groundbreaking study of arthropod evolution in the Cambrian and later. They find firstly that Cambrian rates of evolution for both morphology and molecules really were fast compared to average later ones, and secondly that even so they do not appear to break any supposed speed limits -similar rates are known from later evolutionary radiations.
It is rather remarkable, perhaps even embarrassing, that the basic question above about the early animal fossil record has yet to be fully resolved. One of the problems has been that the molecular clock method of assessing times of origin has been controversial because of its demonstrably uneven rate through time and in different organisms. Furthermore, molecular clocks need to be calibrated, eventually against the fossil record. Recalibration of the invertebrate molecular clock [7] has in recent years tended to push opinion back towards the explosion option for animal origins, although molecular clocks still currently date the origin of at least sponges to some 200 million years before the Cambrian [8] , despite not being convincingly recorded by the fossil deposits [9] .
Of course, it has long been known that at least morphological rates of evolution must be highly uneven through time, a pattern categorised as 'bradytely' (slow), 'tachytely' (fast) and 'horotely' (normal) rates of evolution for particular groups. [10] . There is even an official unit of measurement, inevitably called the Darwin, based on proportional change in (for example) the size of a particular feature per unit time [11] . One pattern that has been suggested is that morphological evolutionary rates during the early stages of evolution of a group appear to be fastest, before settling down to more staid middle and old age (e.g. [12] ). So much for morphology, but what of the enticing question of the
